Stable isotopic and minor element compositions were measured on the fine fraction of pelagic carbonate sediments from Ocean Drilling Program Site 709 in the central Indian Ocean. This section ranges in age from 47 Ma to the present. The observed compositional variations are the result of either paleoceanographic changes (past oceanic chemical or temperature variations) or diagenetic changes.
INTRODUCTION
A great deal of work in recent years has been carried out on the reconstruction of Cenozoic ocean temperature and composition from the isotopic and chemical compositions of marine carbonate sediments. Most often, these studies have been based upon the measurement of stable oxygen and carbon isotopic ratios in foraminifers or total carbonate compositions of bulk sediments. Other measurements have included various elemental concentrations in the carbonates (e.g., cadmium, lithium, barium, strontium, magnesium, iron, manganese, sodium, and rare earth elements) and various isotopic ratios (e.g., neodymium and strontium). For some of these parameters, the sources of secular variation are reasonably well understood (e.g., total carbonate, and strontium-, carbon-, and oxygen-isotopic ratios) and useful interpretations can be made from measured data. For many of the measurements, however, especially for many of the minor elements, virtually ad hoc decisions have been made, partly by necessity, as to what processes control their measured variations.
In this study we present minor element and stable isotopic measurements made on a large suite of carefully cleaned samples of the fine fraction of carbonate sediments from Site 709. We propose that the major processes controlling the concentrations of all of the reported elements and isotopes are (1) ancient ocean surface temperature at the time of carbonate precipitation, (2) ancient ocean chemical composition at the time of car-bonate precipitation, and (3) near-surface or deeper burial diagenesis. All of these processes are important in some cases and, as will be seen, it is often very difficult to deduce the fractional role played by each. Each element or stable isotopic ratio responds differently to each of the forcing variables. For a variety of reasons, we think that a relative ranking of the presently reported parameters in terms of the fidelity of their recording of paleotemperature or paleochemistry (instead of diagenesis) is: CaCO 3 > 5 I3 C > strontium > magnesium > iron > manganese > 5 18 O. That is, manganese concentrations in carbonates should be a lot more susceptible to diagenetic alteration than total carbonate variations. If minor elemental variations coincide with variations of total carbonate or 5 13 C, then we reason that they may be reflecting true paleoceanographic variations rather than postdepositional changes.
METHODS
Samples at Site 709 were collected with the hydraulic piston corer and the advanced hydraulic piston corer. A total of approximately 220 samples were used in this study. Approximately one g of each sample was treated for 30 min with 30 ml of 3% H 2 O 2 in a water bath maintained at 55°C. This procedure disaggregated the samples and oxidized any organic carbon present in the samples. The samples were then wet sieved with deionized water and the fine fraction (<63 fim) was retained. Samples were centrifuged for 30 min and the supernatant liquid was decanted. A reductive cleaning step was performed next with a mixed reagent freshly prepared by combining 40 ml of 0.3 M sodium citrate and 5 ml of 1.0 M sodium bicarbonate. Samples were reacted for 30 min in a water bath at 55 °C with 9 ml of mixed reagent plus 0.5 g of sodium dithionate. Samples were then centrifuged and the supernatant was decanted. The samples were rinsed three times with distilled water and centrifuged after each rinse. Finally, the samples were dried and precisely weighed subsamples of about 50 mg were dissolved in 50 ml of ammonium acetate-acetic acid (pH = 5.5) solution for about 10 min at room temperature. The samples were centrifuged for 30 min and the supernatant liquid was saved for analysis.
All elemental analyses were conducted with standard methods using a Perkin Elmer Model 5000 atomic absorption spectrophotometer. Replicate analyses indicate the following relative errors: 1.7% for CaCO 3 , 2.2% for strontium, 3.4% for magnesium, 6.4% for manganese, and 24.4% for iron. Since typical instrumental errors are about l%-2% for all elements, it is clear that sample heterogeneity is responsible for the large uncertainties in manganese and iron determinations. Uncertainties in CaCO 3 determinations are included in all the other elemental data.
Stable isotopic analyses were performed on fine-fraction samples that had been treated in exactly the same fashion as the samples for elemental analysis (except for the final dissolution step). Carbon and oxygen isotopic analyses were conducted with phosphoric acid dissolution using an automated on-line device reacting at 90°C for 10 min. Extracted CO 2 was analyzed on a MAT 251 stable isotope ratio mass spectrometer at the University of Miami. All results are reported relative to the PDB standard. External error, determined by analyses of 20 replicate samples, is ±0.026% 0 for 5 18 O and ±O.O16%o for 5 13 C. Sample ages were derived from nannofossil zonation and the ages for the zonal boundaries are presented in Shipboard Scientific Party (1988a, table 3). Within the zones, ages were determined by interpolation assuming constant sedimentation rates.
RESULTS AND DISCUSSION
All of the chemical and isotopic results from this study are presented in Table 1 . The most relevant data are shown in Figures 
Carbonate Contents
Carbonate contents of the sediments are shown in Figure 1 . The vast majority of samples have carbonate contents greater than 80%, making them suitable for this study. These data compare quite well with the carbonate determinations of bulk samples shown in Shipboard Scientific Party (1988b, p. 486, fig. 20) . Major features include a carbonate low around 47 Ma, an increase in carbonate from 47 to 31 Ma, and two carbonate highs at 31 and 26 Ma with an intervening low at 29 Ma. There is a carbonate low at 20 Ma followed by a high centered at 18 Ma. This is followed by an interval of slumping between approximately 13.0 and 17.5 Ma (Shipboard Scientific Party, 1988b, p. 468) ; within this interval there are two discrete fluctuations of carbonate content. Each is associated with a slump block. The carbonate contents are thought to be repeats of the top of the underlying, nonslumped interval. Since 13 Ma, fluctuations have been somewhat smaller with a significant carbonate low showing up around 10 Ma (seen much better in the data of Shipboard Scientific Party, 1988b) and a carbonate high around 5 Ma. There appears to be some correlation between the overall sedimentation rate and the carbonate content (higher sedimentation rates are associated with higher carbonate contents), but the sedimentation rates are not very well constrained at this resolution.
Carbon Isotopes
Carbon isotopic data are shown in Figure 2 . This record is similar to the carbon isotopic compositions of bulk carbonate sediments of the same age at Deep Sea Drilling Project (DSDP) Sites 525 and 528 reported by Shackleton and Hall (1984) and Shackleton (1987) . The first-order features of both data sets are: high, positive values of <5 13 C from 47 to about 20 Ma, low or negative values at present, and a period of decrease of 5 13 C from 10 Ma to the present. One notable feature, different from previously published curves is the 1.6%o decrease in 5 13 C in the early Miocene. Because this decrease is coincident with large increases in iron, manganese, and magnesium, however, we think that it is produced by a diagenetic process that occurs during slumping (discussed below). It should be noted that the isotopic change is also coincident with a sharp decrease in the carbonate mass accumulation rate (Peterson and Backman, this volume) at neighboring (nonslumped) sites.
It is evident that there is also fine structure in the carbon isotopic record at Site 709. Before 20 Ma there are about five isotopic excursions, each lasting about 5 m.y. There are two major positive excursions in this period. These occur during the early Oligocene (about 32 Ma) and just after the Oligocene/Miocene boundary (about 23 Ma). There are three major negative excursions in the same period. They are centered at about 36 Ma (near the Eocene/Oligocene boundary), 30 Ma, and 26 Ma. Shackleton (1987) interpreted the decrease in the 5 13 C of bulk carbonate sediments since the middle Miocene as a global oceanic signal reflecting a long-term decrease in the amount of organic carbon buried in sediments. Similarly, the positive excursions before 20 Ma may represent shorter time periods of globally increased burial of organic carbon. Vincent and Berger (1985) identified a positive carbon isotopic excursion of about 1 per mil lasting about 4 m.y. centered on 15.5 Ma (also observed by Shackleton, 1987) . This shift was seen in both benthic and planktonic foraminifers and thus is considered to reflect a global oceanic change. Vincent and Berger (1985) suggested that this shift was produced by the increased burial of organic carbon beneath regions of high productivity. At Site 709 there is a positive isotopic excursion of about 1 per mil in about the same time interval, although because of the slumping in the 13-17.5 Ma interval at this site, the exact stratigraphic position of this isotopic peak is unknown.
One of the most obvious means of increasing the amount of carbon buried in marine sediments is to increase the area of shallow-water sedimentation by eustatic sea-level rise. Positive <5 13 C excursions, therefore, should be associated with high eustatic sea levels. This prediction seems to be borne out in applying the Cenozoic eustatic sea-level cycle chart of Haq et al. (1987) Vincent and Berger (1985) , is also a time of higher <5 13 C. These conclusions must be weighed carefully. Miller and Fairbanks (1985) found quite different timing of "global" carbon isotopic cycles in the Oligocene and Miocene epochs, and they concluded that these cycles were independent of eustatic sealevel changes. Shackleton (1987) concluded that the possible associations between 5 13 C events and sea level could not "be tested adequately until the sea-level record is better known and understood." Shackleton (1987) did not have available to him the chronology and sea-level cyclicity chart published by Haq et al. (1987) . In fact, since the Paleocene, there does seem to be coincidence between sea-level highstands (Haq et al., 1987 ) and Shackleton's (1987) 
Strontium
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that we can rule out noncarbonate sources of strontium during leaching because of our sample cleaning procedures. Changes in the Sr/Ca ratio of carbonate sediments can be ascribed either to changes in the distribution coefficient of strontium in calcite (D c ), thought to be primarily caused by temperature changes, or to the Sr/Ca ratio in seawater, (Sr/Ca) 5VV :
(Sr/Ca) = D c (Sr/Ca) 5(V Experimental work has shown that strontium uptake during nonbiogenic calcite growth is not strongly temperature dependent (Katz et al., 1972; Baker et al., 1982) ; however, there is conflicting evidence on the importance of temperature dependence on the strontium content of foraminiferal calcite. Delaney et al. (1985) found little correlation between seawater temperature and strontium concentrations in either core-top planktonic foraminifers or in laboratory-cultured foraminifers. On the other hand, Cronblad and Malmgren (1981) observed large and consistent glacial/interglacial variations of strontium and magnesium in foraminifers from Pleistocene sediments near the Polar Front in the southern Indian Ocean. The positive correlation they observed between warm-water climatic indexes and strontium concentrations in planktonic foraminifers strongly suggests a temperature control on the strontium. Graham et al. (1982) suggested that strontium concentration variations preserved in ancient sediments may reflect original variations in the Sr/Ca ratio in ancient seawater. On a much larger time scale, Renard (1986) attempted to correlate strontium and magnesium concentration changes in bulk pelagic carbonate sediments from many different localities and ascribed these changes to Sr/Ca and Mg/Ca secular variation in seawater. Recently, Boyle and Keigwin (1982) and Lea and Boyle (1989) have convincingly shown that variations in seawater barium and cadmium concentrations are recorded by benthic foraminifers. Although neither strontium nor magnesium show very significant nonconservative behavior in modern-day seawater, past variations in their concentrations, relative to calcium concentrations, can be expected to be recorded by carbonate-producing organisms. Graham et al. (1982) proposed two major mechanisms for changing oceanic Sr/Ca ratios: (1) variable hydrothermal input of calcium to the oceans at the ridge crests and (2) variable rates of strontium removal resulting from changes in the proportion of high-strontium aragonite vs. low-strontium calcite sedimentation. The ratio of aragonite to calcite should increase during high sea-level stands when more shallow carbonate banks are flooded. Graham et al. (1982) concluded that both processes played important roles in determining Cenozoic Sr/Ca ratios. Delaney and Boyle (1986) concluded that for the past 40 m.y. both Li/Ca and Sr/Ca ratios in foraminifers changed very little and that lack of variability in the Li/Ca ratio implied that there has been no significant variability in oceanic hydrothermal fluxes. They also concluded that over the past 100 m.y. there has been less than a factor of 2 decrease in hydrothermal chemical fluxes. On the other hand, Renard (1986) has reported numerous larger variations of Sr/Ca and Mg/Ca ratios in bulk pelagic carbonate samples and once again attributed these variations to both hydrothermal and sea-level variations.
Increased hydrothermal activity should bring about an increase in oceanic-dissolved strontium but a larger increase in oceanic-dissolved calcium; hence, the Sr/Ca ratio of seawater should decrease (Palmer and Edmond, 1989) . Likewise, increased hydrothermal activity is thought to cause global sea-level rise, in which case more aragonite sedimentation would be expected on shallow shelves and bank tops and the pelagic Sr/Ca of seawater should decrease.
Strontium concentration is a useful indicator of carbonate diagenesis because foraminifers and, especially, nannofossils precipitate calcite that is enriched in strontium relative to equilibrium calcite. During burial diagenesis, some of the biogenic calcite is dissolved and reprecipitated. In the process, strontium is released into the pore fluids (Baker et al., 1982) and diagenesis results in a lower concentration of strontium in older carbonate sediments.
The potential importance of diagenesis in determining the observed strontium concentrations (Fig. 3) can be evaluated with the pore-water strontium analyses for Site 709 reported by Swart and Burns (in this volume). From their data, we can estimate a present-day, near-surface, dissolved strontium gradient of about 4.2 x 10 11 mol/cm 4 . Using Fick's Law and a diffusion coefficient in the sediments of about 3 x 10 ~6 cmVs, we can calculate a diffusive flux of strontium out of sedimentary pore waters into the overlying seawater of 4.0 x 10" 3 mol/cmVm.y. Compare this to the rate of accumulation of strontium in the sediments (at 75% porosity, 90% CaCO 3 , 2100 ppm Sr, 10 m/m.y. sedimentation rate): 1.94 x 10~2 mol/cm 2 /m.y. (note that this is cm 2 of pore water). Thus, about 20% of all the strontium that accumulates on the seafloor diffuses back into overlying seawater (and, at the very least, 20% of the carbonate has been recrystallized). However, as shown previously (Baker, 1985; Rich- Figure 3 . Three-point moving average of the strontium concentrations in the carbonate portion of the fine fraction vs. age.
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ter and DePaolo, 1988), this number is probably closer to 50% recrystallized within about 10 m.y. of deposition. Almost all of this strontium is lost from the upper 100 m of sediment, since below this depth there is no observed pore-water strontium concentration gradient (Swart and Burns, this volume). If we assume that the present-day average strontium concentration in the carbonate fine fraction of 2100 ppm was typical of sediments for the last several million years, then these calculations give us the result that after about 7-m.y. (the age at 100 m below seafloor [mbsf]) of diagenesis there should be a decrease to about 1680 ppm. In fact, this is approximately the magnitude of concentration change observed in sediments from 7 Ma to the present.
The factor that seems most likely to change the dissolved strontium gradient out of the sediments and the resulting diagenetic strontium loss of ancient sediments is bottom-water (hence, pore-water) temperature. Temperature can affect the strontium distribution coefficient in calcite and the diffusion coefficient of strontium in sediments, but the most thermally activated process is the rate of calcite recrystallization. For example, assuming that a 10°C rise in bottom-water temperature can produce a doubling of the rate of calcite dissolution and reprecipitation, then we could expect roughly a doubling of the rate of strontium release to the pore waters and a doubling of the diffusive flux of strontium to overlying seawater. The net result should be lower strontium concentrations in the sediments during periods of higher bottom-water temperature.
There is a feedback mechanism to the above-mentioned process. At the present time, calcite produced during diagenesis below 100 mbsf should have about 1160 ppm strontium (given the average Sr/Ca ratio of pore waters observed below 100 mbsf and a distribution coefficient of strontium in calcite of 0.04; Baker, 1985) . Clearly, except in the Eocene, diagenetic calcite probably constitutes only about 50% of the total fine fraction (assuming for the moment an original strontium content of 2000 ppm). If rates of recrystallization are sufficiently accelerated, the Sr/Ca ratio of pore waters would be elevated, the diagenetic calcite would have a higher strontium content, and there would be a decreased loss of strontium from the sediments.
In summary, diagenesis has been demonstrably important in influencing the strontium content of the carbonate sediments at Site 709, but original variations of the strontium concentrations of the carbonate, caused by paleotemperature changes or changes in seawater Sr/Ca ratios, could persist. In the simple case where 50% of the biogenic calcite has been replaced by diagenetic calcite of a fixed composition, the original concentration variation would be halved by diagenesis. Accordingly, to crudely deconvolve the strontium curve shown in Figure 3 , we should do the following:
1. Fix the modern-day ratio at the observed value. 2. Back to 7 Ma, adjust the observed values for linearly increasing amounts of diagenetic calcite to 50% calcite of 1160 ppm strontium by 7 Ma.
3. Before 7 Ma, any carbonate with greater than 1580 ppm originally had >2000 ppm and any carbonate with < 1580 ppm originally had <2000 ppm. If we assume a 50% addition of diagenetic carbonate of 1160 ppm, then the following simple al- gorithm can be used to calculate the original strontium content of carbonate (Sr,) from the present-day observed value (Sr): 2 x Sr -1160 = Sr, (in ppm).
4. Note that we have not accounted for any variation of rates of diagenetic strontium loss and we have assumed steadystate conditions in the pore waters throughout.
The deconvolved strontium concentration curve (Fig. 8) is quite similar to the results published by Graham et al. (1982) for Sr/Ca ratios of planktonic foraminifers. The most striking feature of both studies, also noted by Renard (1986) and apparent in Delaney and Boyle (1988) , is the late Eocene strontium increase. This feature coincides with the late Eocene initiation of the rise in the 87 Sr/ 86 Sr ratio in seawater (Elderfield, 1986) . It also coincides with the decrease in seafloor spreading rates (Pitman, 1978 ) and the lowering of sea level from middle Eocene highs (Haq et al., 1987) .
Elsewhere, strontium concentrations display less dramatic variations, but there seems to be some correlation between high sea level stands and low strontium concentrations, and vice versa. For example, some of the lowest sea levels of the Neogene were thought to have occurred during the middle and late Miocene centered at about 10 Ma. A strontium peak also occurs at this time. Low sea levels in the late Oligocene coincide with high strontium concentrations. Low sea levels in the late Pliocene and Pleistocene coincide with high strontium concentrations. This implies that sea level is important, but it does not distinguish between the hydrothermal and shallow-water aragonitic causes.
What fraction of the strontium concentration change can reasonably be explained by variations in the aragonite/calcite ratio? This question was originally addressed by Graham et al. (1982) and it is their model, with a minor adaptation, that we apply below to look again at this problem.
The oceanic mass balance for strontium can be written as:
where F is the flux of strontium to the ocean and subscripts D, R, and S represent the diagenetic, riverine, and carbonate sedimentation fluxes of strontium, respectively. The value, F D , was discussed by Elderfield and Gieskes (1982) . As noted by Graham et al. (1982) , F s is given by:
where F A and F c are the sedimentary fluxes of aragonite and calcite, respectively, and/4 is the fraction of aragonite. Furthermore, values of the Sr/Ca ratio of seawater, aragonitic benthic green algae and corals, and bulk pelagic carbonate sediments. Here we take
because, as discussed above, about 20% of the strontium in modern carbonate sediments is returned to overlying seawater (and possibly higher in aragonitic sediments). Then, at steady state
At the present time,
which can be adjusted to make the present-day f A come out at the most appropriate value. Substituting for F D , we find that
which is very close to the estimate of Delaney and Boyle (1988) . We can assume, for the sake of discussion, that this ratio (F R /J) has been constant throughout time. This allows us to evaluate independently the importance of changes in/4:
The results of this calculation are given in Table 2 . One can see that late Eocene values of 1000 ppm strontium (Sr/Ca = .00114) imply that about 30% of the total CaCO 3 was deposited as high-strontium aragonite. During the late Oligocene sea-level low stand (around 28 Ma), the high values of Sr/Ca imply a value of/4 = 0 (i.e., there was no high-strontium aragonite; most shallow carbonate-producing banks must have been subaerially exposed). The model is adjusted to make modern values of high-strontium aragonite equal a reasonable value of total CaCO 3 sedimentation.
With regard to strontium concentration variations, we conclude the following. First, diagenesis is clearly of importance in decreasing the strontium concentrations of carbonate sediments. Nevertheless, real paleoceanographically controlled variations are preserved to some degree. The reasonable correlation between high sea-level stands and low strontium values suggests some kind of sea-level control, most likely through a shelf/basin fractionation mechanism. High sea-level stands resulted in larger fractions of aragonitic sediments and less strontium in seawater. As pointed out by Delaney and Boyle (1986) , a similar shelf/basin fractionation mechanism can also account for the secular changes observed in the carbonate compensation depth (CCD). Variations in hydrothermal fluxes may also produce changes in the oceanic Sr/Ca ratio, but Delaney and Boyle (1986) concluded that these changes were insufficient to account for more than a fraction of the observed strontium variations. Paleotemperature changes deduced from the oxygen isotopic record are also probably insufficient to account for the observed variations of strontium. 
Oxygen Isotopes
If it is correct, as deduced above, that diagenetic calcite constitutes about 50% of the carbonate sediments, then this should be reflected in the oxygen isotopic composition of the fine fraction. In Figure 9 , the approach of the carbonate sediments to apparent oxygen isotopic equilibration with pore waters is illustrated. For the sake of these calculations it was assumed that (1) the 5 18 O of pore waters was constant at O.O%o (SMOW) (near the present-day values measured by P. K. Swart, pers. comm., 1989) , (2) the bottom-water temperature was 2°C, and (3) the average geothermal gradient at this site was about 35°C/km. The oxygen isotopic fractionation factor was calculated from the equation of O'Neil et al. (1969) . From these calculations, we can safely conclude that the course of burial diagenesis throughout the history of Site 709 would have involved an increase in <5
18
O of the carbonate sediments. This is particularly evident if we assume, following Savin (1977) , that before 15 Ma the oceans were about l%o lower in <5
O than at present (of course, the pore waters before 15 Ma also would have been isotopically lighter).
A comparison of the oxygen isotopic data (Fig. 7) with the strontium concentration data (Fig. 3 ) reveals an inverse correlation: almost invariably, lower strontium values are associated with higher oxygen isotopic compositions. This relationship is most clearly revealed in the Eocene chalks. Because similar coincident variations would be expected to result from temperature changes (colder temperatures should result in heavier oxygen isotopic ratios and lower strontium concentrations) and diagenetic changes, it is not straightforward to differentiate between diagenetic and paleoclimatic causes for the observed relationship.
Magnesium
The Mg/Ca ratios in carbonate sediments respond to the same factors that influence Sr/Ca ratios, namely, the temperature of precipitation, the Mg/Ca ratio of ancient seawater, and diagenesis. Cronblad and Malmgren (1981) showed an apparent positive correlation between near-surface, ocean-water temperature and magnesium concentrations in planktonic foraminifers. The range of observed concentrations was from about 400 to 800 ppm. Temperature controls, therefore, should bring about a correlation between strontium and magnesium concentrations (which we did not observe). If sea-level changes can cause a secular variation of aragonite/calcite ratios, they should also bring about a similar variation of the ratio high-magnesium calcite/ calcite. Because high-magnesium calcite is usually much less abundant in shallow-water carbonate sediments than aragonite, however, these variations would not be very effective in altering seawater Mg/Ca values. Hydrothermal input should have a strong influence on the seawater Mg/Ca ratio and in the same direction as the seawater Sr/Ca ratio. Because of the longer residence time of magnesium than strontium, however, maxima (or minima) in Mg/Ca ratios should follow the maxima (or minima) of Sr/Ca ratios by a few million years (e.g., Renard, 1986) , and variations should generally be positively correlated. Finally, diagenesis should bring about an increase in the Mg/Ca and a decrease in the Sr/Ca ratio of pelagic carbonate sediments (e.g., Baker et al., 1982) , thus producing an inverse correlation between strontium and magnesium concentrations.
In comparing Figures 3 and 4 , we observe a tendency for strontium and magnesium to be inversely correlated. This is best observed at the top of the core (in the last 3 m.y.) where diagenetic recrystallization of calcite occurs at a maximum rate and near the bottom of the core (from about 35 to 47 Ma). We therefore think that a major portion of the changes observed in the Mg/Ca and Sr/Ca ratios of the carbonate fine fraction are of diagenetic origin. Nevertheless, as mentioned previously, diagenesis should not eliminate original variations; rather, it should only dampen their observed amplitudes.
Iron and Manganese
Iron (Fig. 5) and manganese (Fig. 6 ) are both transition metals with similar ionic radii and charges; thus, both would be expected to have similar distribution coefficients in calcite. Both elements display variable redox states in seawater and shallow pore waters. Manganese (II) is thought to be the dominant redox state of manganese in seawater (even though it is thermodynamically unstable), whereas iron (III) is thought to be dominant for iron (Bruland, 1983) . Neither element is well mixed in seawater. Generally, manganese is more abundant than iron, particularly in surface waters (Bruland, 1983) . Both iron and manganese are greatly enriched in pore waters as a result of microbial oxidation of organic carbon. Although low levels of manganese and iron may be incorporated into biogenic calcite, it seems much more likely that diagenesis will play the greatest role in their incorporation into carbonate sediments. Because manganese is reduced more easily and rapidly than oxidized iron, pore-water maxima of these elements are attained at different sub-bottom depths (e.g., Froehlich et al., 1979) . Manganese is also generally more abundant than iron in pore waters (Froehlich et al., 1979; Sawlan and Murray, 1983) . At Site 709 there is good evidence for sulfate reduction in the pore waters (Swart and Burns, this volume) and pyrite precipitation in the sediments; hence, dissolved iron concentrations in the pore waters should only be high in the upper few meters of the sediment column.
From the above discussion, we conclude that it is most likely that iron and manganese concentrations in pelagic carbonate sediments are controlled by diagenetic processes. Their microbial reduction allows them to be solubilized and made available for incorporation into reprecipitated diagenetic calcite or perhaps into trace amounts of a mixed iron, manganese, magnesium, and calcium carbonate phase. Because of their slightly different redox chemistries, peak concentrations of these elements in the carbonate phase may be offset in terms of sub-bottom depth, and concentration peaks for both elements may not exactly coincide.
The manganese data (Fig. 6 ) may be the best means for assessing the nature of the slumping process described by D. Rio and H. Okada (Shipboard Scientific Party, 1988b, p. 468) . They determined that the interval between Sections 115-709C-15H-4 (136 mbsf) and 115-709C-18H-3 (164 mbsf) was disturbed. Al- though the whole interval was stratigraphically disordered, they concluded that individual nannofossil assemblages were coherent. Thus, reworking must have resulted from discrete slump blocks. S. Robinson (pers. comm., 1989; Shipboard Scientific Party, 1988b) used magnetic susceptibility to correlate between Holes 709A and 709C. From his work, we can place the top of the slumped interval in Hole 709A at about 135 mbsf. Presumably, the bottom of this interval in 709A is at about 163 mbsf. This depth interval corresponds to a time interval from about 13.0 to 17.5 Ma. We interpret the large increase in manganese concentration (Fig. 6 ) at 19.0 Ma and subsequent decrease at 18.1 Ma as the top of the intact sedimentary record. This corresponds closely, but not perfectly, with a large iron concentration peak and, importantly, with a sharp decrease in the 13 C/ 12 C ratio. The rapid burial of this sediment by several meters of slumped sediment created an effective barrier to the diffusion of dissolved oxygen into the pore waters and rapidly accelerated the rates of manganese and iron reduction and, possibly, of sulfate reduction. The two following manganese cycles (with peaks at 13.8 and 16.3 Ma in Fig. 6 ) are interpreted as repeated sequences with similar diagenetic histories. If the enhanced concentrations of manganese, iron, and magnesium actually indicate the precipitation of one or two separate mixed carbonate mineral phases during early diagenesis, these phases would be expected to have very low carbon isotopic compositions. The presence of small amounts of such minerals could explain the associated decreases of 5 13 C over the same depth interval. Two phases are proposed because iron and manganese correlate very closely over the slumped interval, but they do not correlate closely with magnesium and strontium. Small amounts of dolomite were identified in smear slides of sediments from the slumped interval and near the base of the hole from 44.5 Ma to the core bottom. 
CONCLUSIONS
A quantitative evaluation of the mechanisms involved in producing minor element concentration variations in deep-sea carbonate sediments is not yet possible. Such determinations will require a careful comparison of several sets of chemical data measured on deep-sea carbonate sediments from different oceans and in different environmental settings. Nevertheless, we can draw some useful conclusions from the present study.
A correlation is observed between high sea-level stands and high values of 5 13 C. It is suggested that this supports the hypothesis proposed by Shackleton (1987) that <5 13 C is controlled by the fraction of organic carbon that is buried: more organic carbon is buried during high stands and oceanic-dissolved inorganic carbon becomes isotopically heavier. Carbon isotopic changes mirror the long-term (Eocene to Present) decrease in sea level resulting from slower rates of seafloor spreading. Superimposed on this long-term change are several shorter term variations.
There appears to be some correlation between high sea-level stands and high CaCO 3 contents in the sediment (this relationship is discussed more thoroughly elsewhere in this volume). This relationship implies a shelf-basin fractionation mechanism for carbonate accumulation: more carbonate is deposited on the shelves during high stands and the CCD rises.
Because much of the shelf carbonate is aragonite, more strontium is buried during sea-level highstands and oceanic Sr/Ca ratios decrease. As a result, we observed an inverse relationship between sea level and strontium concentration.
Diagenesis plays an important role in many of the observed parameters. Burial diagenesis clearly affects strontium and magnesium concentrations and undoubtedly oxygen isotopic ratios as well. Microbially mediated oxidation of organic carbon in the slumped sediments causes early diagenetic reactions such as reduction of iron and manganese oxides, sulfate reduction, and probably precipitation of mixed carbonate minerals. This causes large variations of iron, manganese, magnesium, and carbon isotopic ratios within the slumped interval.
